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Executive Summary 
As a requirement of the degree of Bachelor of Engineering at Murdoch University, the 
students in the final year should undertake a thesis or an internship. During semester 2 of 
the final year in 2013, the intern enrolled in ENG450 Engineering Internship. The internship 
took place at Smart Energy Developments Pty Ltd, which is located on the Discovery Way, 
Murdoch University in Murdoch, Western Australia, an international company currently 
developing laboratory and manufacturing facilities in China. The internship was a unique 
opportunity to learn, as well as to apply all the knowledge of the intern gained in the 
university. 
The internship work was completed under the industry supervision from Smart Energy, Chief 
Engineer Mike Dymond, and academic supervision from Dr Sujeewa Hettiwatte from 
Murdoch University. 
The project was to assess the performance of a prototype DC-DC charge controller. The key 
performance parameters to be assessed were: 
 Efficiency 
 Current regulation 
 Stability of control system 
 Response time 
The intern was required to work with the laboratory equipment to perform a range of tests, 
record the above parameters over a variety of operating conditions, and produce a report 
which would then summarise the results in table and graphical format. The DC-DC charge 
controller is a prototype, so the intern was also required to modify software or hardware 
when the issues were found and then re-test. Modifications were to be done with the 
support from the design engineer. The intern was to summarise a performance evaluation of 
DC-DC converter. 
From the final year engineering internship project between the Murdoch University and the 
Smart Energy, the intern gained relevant industry experience and the skills in engineering 
based work. 
The project process started from collecting material, and then building the prototype board, 
at last doing the performance testing of the efficiency, current regulation, response time and 
stability. The intern should complete a lot of plots in terms of the performance testing, and 
 DC-DC Converter Performance on Zinc Polybromide Battery 
 
   ii 
 
analyse the data and plots, and then give an inclusion of the analysing. From the efficiency 
testing, in both charging and discharging directions, the efficiencies are a little lower than 
the expectation, which should be around 95% in charging direction and 85% in discharging 
direction, the reason should be the core losses and the resistance losses of the inductors, as 
well as the power losses of the wire connection of each prototype board. For the response 
time and stability testing, the system performs well. The fast response time, and with the PI 
controller in the system, the stable current is almost the same as the set point, which means 
there is no off set, although sometimes there are some oscillations in the system 
performance, it can be get over by changing the value of the proportional parameters and 
the integral parameters in the system to obtain a better result.   
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1. Introduction  
1.1 Smart Energy 
Smart Energy is a company developing energy storage solution products for commercial, 
industrial and utility scale applications. The core technology is based on the Zinc Bromine 
(ZnBr) chemistry. Because of the unique characteristic of the Zinc Bromine battery, which is 
it can fully discharge, it is not possible to make use of conventional battery chargers. 
Therefore, the company is in the process of developing a special type of charger, which is a 
customized bidirectional charge regulator. The regulator has a power rating of 
approximately 1.5kW and operates over a wide battery voltage, which is from 0V to 65V DC. 
1.2 Project 
The project at Smart Energy is to assess the performance of a prototype DC-DC charge 
controller. The key performance parameters being assessed are efficiency, current 
regulation, stability of control system and response time. After the performance testing, the 
intern should also do the tuning. Therefore, the intern should be familiar with the laboratory 
equipment to perform a range of tests, such as soldering equipment, assembly tools, 
multimeters, oscilloscope and power supplies and so on. The intern should also need to 
modify software or hardware as issues are found and then do the re-test. The software 
include P-SIM, Logic Circuit and Design Spark. At the end of the internship, the intern should 
produce a report, which would then summarise the results in table and graphical format and 
give a performance evaluation of the DC-DC converter. 
2. Background and review literature  
2.1 Zinc Bromine battery 
Zinc bromine battery is a type of hybrid flow battery. The battery chemistry is based on the 
reaction between two commonly available chemicals, zinc and bromine. The electrolytes of 
zinc and bromine are stored in two tanks. When the battery is charged and discharged, the 
electrolytes are pumped through a reactor stack and then back into the tanks. There are 
some important characteristics of the zinc bromine batteries. Firstly, they have high energy 
density compared with the lead-acid batteries. Secondly, zinc bromine batteries can be fully 
discharged during a daily basis. Thirdly, the zinc bromine batteries can be repeatedly fully 
discharged without any damage to the battery, and they have at least 1500 charge and 
discharge life cycles. Lastly, they have the ability to store energy from any generating source, 
such as solar photovoltaic, fossil fuel and nuclear energy. The ZBB energy corporation has a 
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type of product called ZBB EnerStore 50 Zinc flow battery module, which is a kind of flow 
battery module, which can operated in a wide range of operating environments and 
applications. It works with the ZBB EnerSection power and energy control centre or with 
other bi-directional inverters. The ZBB’s Zinc- Bromide flow battery module consists of eight 
cell stacks with 60 cells each, eight DC-DC bi- directional converters, a liquid-to-air heat 
exchanger, electrolyte storage tanks, two DCV motors and pumps, DCV powered fans and an 
on-board module controllers- all contained in a single cell stack. The flow battery module 
uses two commonly available materials, zinc and bromine. An aqueous solution of 
zinc/bromide is circulated through the two compartments of the cell from two separate 
reservoirs. The electrolyte stream in contact with the positive electrode contains bromine 
which is maintained at the desired concentration by equilibrating with a bromine storage 
medium. This process stores energy in a 100% recombinant system. The zinc flow modules 
can be discharged or charged at longer or varying rates with no significant impact on their 
performance, capacity or expected service life. For the Zinc Bromine batteries, the potential 
difference is around 1.67V per cell. Fig.2.1 shows the Zinc Bromine batteries technology. 
   
 
Figure 2.1 Zinc Bromine Battery technology 
 
2.2 DC-DC Switch-mode Converters 
Nowadays, the DC-DC converters are widely used in regulated switch-mode DC power 
supplies and in DC drive applications. As shown in Fig 2.2 the input DC voltage of these 
converters is unregulated, which is obtained by rectifying the line voltage and therefore, the 
unregulated DC voltage will fluctuate with the changing of the magnitude of the line-voltage. 
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The switch-mode DC-DC converters are used to convert the unregulated DC input voltage 
into a controlled DC output voltage at a desired voltage level. 
There are five types of DC-DC converters commonly used with an electrical isolation 
transformer in the switch-mode DC power supplies. The commonly used DC-DC converters 
are: 
 Step-down (buck) converter 
 Step-up (boost) converter 
 Step- down/ step-up (buck-boost) converter 
 Cuk converter 
 Full-bridge converter 
Of these five types of converters, only the step-down (buck) converter and the step-up 
(boost) converter are the basic converter topologies. Both the step-down/step-up (buck-
boost) converter and the Cuk converters are combinations of the two basic topologies. The 
full-bridge converter is derived from the step-down (buck) converter. 
 
Figure 2.2   A DC-DC converter system 
 
2.3 Assumptions 
 The converters are operating in steady state 
 The switches are ideal 
 The losses in the inductive and the capacitive elements are neglected 
 The input DC voltages to the converters have zero internal impedance 
 The output is assumed to supply a load that can be represented by an equivalent 
resistance 
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2.4 Control of DC-DC Converters 
In the DC-DC converters, although the input voltage and the output load may fluctuate, the 
output voltage must be controlled to equal a desired level. In the switch-mode DC-DC 
converters, there are always one or more switches to transform DC voltage from one level to 
another level, and the average output voltage is controlled by controlling the switch on and 
off duration ( ton and toff ). The basic DC-DC converter is shown in Fig 2.3(a) The average 
output value V0 in the Fig 2.3(b) depends on the time ton and toff. The method used to 
control the output voltage in the project is called PWM, which is controlled at a constant 
frequency (hence, a constant switching time period Ts = ton + toff) and adjusting the on 
duration of the switch to control the average output voltage. The switching duty ratio is D, 
which is defined as the on duration to the switching time period, is varied. 
   
Figure 2.3    Switch-mode DC-DC converter: (a) circuit; (b) waveform of duty cycle 
 
A block diagram of the PWM is shown in Fig 2.4. In the PWM switching at a constant 
switching frequency, the switch control signal is obtained by changing the duty ratio D, 
which can be expressed as 
                                                           
   
  
                                                                                    (1) 
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Figure 2.4   PWM block diagram 
 
3. Project Scope 
3.1 Project background 
The project is to build a special type of battery charger, which is a customized bidirectional 
charge regulator. Because of the unique characteristic of the Zinc Bromine chemical 
batteries, which is they can fully discharge, it is not possible to make use of conventional 
battery chargers. The regulator has a power rating of approximately 1.5kW and operates 
over a wide battery voltage, which is approximate from 0V to 65V DC, however, during the 
performance testing process, the voltage is up to 30V. 
3.2 Project design 
In the bidirectional battery charge regulator, current flowing from the bus side to the stack 
side, the other one is discharging side, which is the current flowing from the stack side to the 
bus side. In the bus side, the voltage is expected to be around 100V, and the voltage of the 
stack side is expected to be from around 0V to 65V. After building each board, the intern 
should complete the performance testing of the battery charger, such as efficiency, current 
regulation, stability of control system, and response time. The block diagram for testing the 
performance is shown in Fig.3.1. The battery side is the Bus side, and the power supply 1 
and power supply 2 are the Stack side.  The voltage from the Bus side used in the project is 
around 50V, and the maximum current flowing from the Stack side is around 10A. In 
addition to the DC-DC Converter, there are also over voltage protection and constant 
current load CCL in the circuit. A photo showing the overview of the project workplace is 
shown in Fig.3.2. In Fig.3.2 from left to right, there are battery modules, breaker, bridge, 3A-
32V power supply, DC-DC converter, overvoltage protection, constant current load and the 
5A-30V power supplies. Two bridges are connected to the power supplies, the purpose of 
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this is to prevent the current flowing into the power supplies, so that to protect the power 
supplies. 
 
 
Figure 3.1 Performance testing block diagram 
 
 
Figure 3.2 overview of the project workplace 
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3.3 Equipment 
 Digital Oscilloscope and differential probes 
 Digital Multimeters (multiple) 
 12VAC-1A 12VA Power Supply  
 24V- 1A 24w max Power Supply 
 17.5V-100mA AC Power Supply 
 0-30V 5A Regulated Switch Mode Power Supply 
 0-32V, 3A max DC Power Supply  
 Soldering Equipment 
 4×12V battery modules 
 Laptops with EasyScope, EasyLogger, Arduino and Visual Basic. 
 
3.4 Project implementation 
3.4.1 Building boards and connection 
For the DC-DC converter, according to the circuit design diagram, the project building 
activities divided into several stages, which are power supply, protection, drive, current 
regulator, measurement, bridge, Arduino and RS485. At the beginning of the building stage, 
the intern collected materials and made a list of the quantities of each type of component, 
then soldered each board by using soldering equipment, and connected as required. The 
block diagram of the DC-DC converter is shown in Fig. 3.3. The output voltage from the 
power supply part is Vref, which was connected with the protection board. The voltage on 
the stack side is Vstack, and the voltage on the bus side is Vbus. As the Fig.3.3 shows, the 
Vstack+ and Vstack- are the inputs of the Vstack, and the Vbus+ and Vbus- are the input 
voltages of the Vbus. The Hys_hi and Hys_lo are PWM signals generated by the current 
regulation program running in the microcontroller. 
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Figure 3.3 DC-DC converter block diagram 
 
3.4.2 Half Bridge 
Half Bridge part consists of several resistors, a current sensor, an inductor, capacitors and 
two MOSFETS (IRFP4568pbF) as shown in the Fig.3.4. The circuit board of the Half Bridge and 
drive circuit is shown in Fig.3.5. On the bus side, there are four battery cells in series; each 
cell is 12V. Therefore, the voltage of the bus side, Vbus is 48V. For the stack side, there is a 
power supply whose maximum voltage is 30V. So, the voltage of the stack (Vstack), is 30V. In 
the circuit, there are two MOSFETS with part number IRFP4568pbF. In the charging mode, 
the circuit behaves as a (Step-down) Buck converter, when the switch is on, the upper 
MOSFET conducts, the lower MOSFET behaves as a diode. The diode becomes reverse 
biased, so there is no current flowing through it, and the input provides energy to the load 
and to the inductor, the current flows from the bus side through the inductor to the stack 
side. When the switch is off, the lower MOSFET conducts instead of the upper one, the 
inductor current flows through it, and transfers some of the storage energy to the load. On 
the contract, in the discharging mode, the circuit behaves as a (Step-up) Boost converter, 
when the switch is on, the upper MOSFET does not conduct and behaves as a diode, it is 
reversed biased, therefore, it is isolating the output stage, and the input energy stored in the 
inductor. When the switch is off, the upper MOSFET conducts instead of the lower one, the 
output stage receives energy from the inductor as well as the input. The current flows from 
the stack side to the bus side.  
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3.4.2.1 MOSFET 
MOSFET stands for metal-oxide-semiconductor field-effect transistor, which is used for 
amplifying or switching signals. A MOSFET has four terminals, which are source(S), gate (G), 
drain (D) and body (B). Often body (B) connects with source(S), and therefore, the MOSFET 
always shown as in Fig.3.6. MOSFET has the ability to switch larger signals at high speed. 
 
Figure 3.4 Block diagram of Half Bridge 
 
Figure 3.5 Circuit board of Half Bridge and drive 
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(a)                                                      (b) 
Figure 3.6 MOSFET: (a) circuit symbol; (b) real element 
 
3.4.2.2 Buck (Step-down) Converter 
In the half bridge circuit, under the charging mode, it behaves as a buck converter, which 
produces a lower average output voltage (Vstack) than the DC input voltage (Vbus). The 
basic circuit of Fig.2.3 (a) constitute a buck (step-down) converter for a purely resistive load, 
an ideal switch, and a constant instantaneous input voltage Vd. However, in practice the 
load would be inductive, even with a resistive load, there would always be certain associated 
stray inductance, which means the switch would have to dissipate the inductive energy and 
it may be destroyed. Meanwhile, the output voltage would fluctuate. To overcome these 
problem; a diode is used as shown in Fig. 3.7. There is a low-pass filter, which consist of an 
inductor and a capacitor. During the period when switch is on, the diode in Fig.3.7 becomes 
reverse biased and the input provides energy to the load and to the inductor. During the 
interval when the switch is off, the inductor current flows through the diode, and 
transferring some of the storage energy to the load. The circuits during switch on and off are 
shown in the Fig.3.8 (a) and (b). 
 
Figure 3.7 Buck (Step-down) DC-DC Converter 
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Figure 3.8 Buck (Step-down) DC-DC Converter Switch-on and Switch-off: (a) switch-on; (b) 
switch-off 
 
3.4.2.3 Boost (Step-up) Converter 
The half bridge circuit, in discharging mode, it behaves as a boost converter, which produces 
a higher average output voltage (Vbus) than the DC input voltage (Vstack). The circuit of 
Boost (Step-up) converter is shown in Fig. 3.9. When the switch is on, the diode is reverse 
biased, thus isolating the output stage. The input supplies energy to the inductor. During the 
interval of switch off, the output stage receives energy from the inductor as well as the input. 
Fig.3.10 (a) and (b) show the circuits under the switch on and switch off modes. 
 
 
Figure 3.9 Boost (Step-up) DC-DC Converter 
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Figure 3.10 Boost (Step-up) DC-DC Converter Switch-on and Switch-off: (a) switch-on; (b) 
switch-off 
 
3.4.2.4 Testing of Half Bridge and Drive Circuits 
After building and connecting Half Bridge and Drive circuits, the intern completed the testing 
of these two stages by recording the performance parameters in the stack side. Because the 
batteries were not connected in the circuit, the performance of Istack was chosen to be 
recorded by changing the value on the bus side, which is Vbus, and also changed the Hys_hi 
and Hys_lo signals. In this process, there were three groups of Vbus values, which were 10V, 
15V and 20V, as well as three groups of the Hys_hi and Hys_lo values, which were 150,160 
and 170 Hz (shows in the Visual Basic control panel) . Except recording the Istack values, the 
intern also captured some waveforms of Istack using oscilloscope. Table 1.1 shows the values 
of these parameters. Fig.3.11 shows the plot of Istack vs Hys_hi for different Vbus values. 
 
   Table 1.1 Istack values with different Vbus and Hys_hi 
Vbus (V) Hys_hi (Hz) Istack (A) 
10 150 1.63 
 160 3.40 
 170 5.18 
15 150 1.58 
 160 3.29 
 170 5.03 
20 150 1.57 
 160 3.24 
 170 4.96 
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Figure 3.11 Plot of Istack with Hys_hi 
 
As figure 3.11 shows, there is a linear relationship between Istack and Hys_hi. Under the 
same Vbus value, with the Hys_hi value increasing, Istack also increases. Also, when under the 
same Hys_hi value, the Istack increases with Vbus. In conclusion, the Istack reaches the 
maximum value when the Vbus is minimum and the Hys_hi value is maximum.  
Fig 3.12 shows two waveforms obtained under two Hys_hi values. The oscilloscope 
(EasyScope) was used to capture the waveforms. In the EasyScope, the time base was set to 
1ms, which means every interval of the horizontal axis is 1ms, and the voltage for each 
interval was set to 0.5V in vertical axis. The purple waveform represents the Istack, which is 
channel A. As Figure 3.12 (a) shows, the Hys_hi is 150, and the Vbus is 10V. There are 
approximately four triangle waveforms in each 5ms. However, in Figure 3.12 (b), which 
shows the Hys_hi to be 160, and Vbus is 10V, there are six triangles waveforms in each 5ms, 
which means the frequency increased. The other difference is that the waveforms become 
more symmetrical than when the Hys_hi is 150. The measurement block diagram is shown in 
Figure 3.3. In discharging mode, it is a boost (step-up) converter. Then the relationship 
between the output voltage and the input voltage is: 
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Where 0<D<1, and in this case, Vin is Vstack, Vout is Vbus, the duty cycle will be changed with 
the Vbus changed. When Vbus is increased, the duty cycle increases, switch is on, ton is 
increasing, as well as Istack. This is the reason why the frequency increased with the Vbus 
increasing. Additional, in the waveforms appear as triangles because of the comparator, 
which will be illustrated later in Figure 3.13. The Istack is lower than Hys_hi and it increases at 
the beginning. It still increases when it reaches the level of Hys_hi, after the Istack larger than 
Hys_hi, the comparator changes its operation. Then the Istack starts to decrease, and it is 
continues decreasing until the value of Istack is smaller than Hys_lo. The other comparator 
changes the operation mode again, and therefore, the waveforms of Istack appears as 
triangles in EasyScope. The rest of the waveforms of Istack repeat the process. 
 
                                                                    (a) 
 
 
 DC-DC Converter Performance on Zinc Polybromide Battery 
 
   21 
 
 
                                                                             (b)  
Figure 3.12 waveforms of Istack under different parameters: (a) Hys_hi is 150 and Vbus is 10V; 
(b) Hys_hi is 160, and Vbus is 20V 
 
 
3.4.3 Current Regulator 
There are many logic gates in the current regulator stage and the protection stage, such as 
the AND Gate, the OR Gate, the NOT Gate and the SR flip-flop. Some details would be given 
about the current regulator. Two PWM signals come from the Arduino, which are Hys_hi and 
Hys_lo, they are generated by the current regulation program running in the micro 
controller. In this project the PWM switching at a constant switching frequency which is 
4kHz by programming the control system in Arduino. Arduino is an open-source electronics 
prototyping platform based on flexible hardware and software. The microcontroller on the 
Arduino board is programmed using the Arduino programming language and the Arduino 
development environment. The output current of the current transducer is Istack, which is 
Istack comes from the protection board. As Fig.3.13 shows, Hys_hi, Hys_lo and Istack are the 
inputs to the two comparators. Finally the outputs of the comparators pass through the SR 
flip-flop to the drive circuit.  
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Figure 3.13 Current Regulator 
 
3.4.3.1 Comparator 
Comparator is a device to compare two input voltages and currents by obtaining the output 
digital signal indicating which is larger. It has two analogue input terminals and one binary 
digital output terminal. On the input side, if the positive voltage is larger than the negative 
voltage, the binary digital output is 1, otherwise, the output is 0. In the project, for example, 
if the Istack is larger than both Hys_hi and Hys_lo, the output binary digital of the upper 
comparator will be 1, the output binary digital of the bottom one will be 0. Then these two 
signals would flow into the SR flip-flop. 
3.4.3.2 SR Flip-Flop 
The SR flip-flop is one of the most basic storage elements in sequential logic. This type of 
flip-flop is a one-bit memory bistable device that has two inputs, which are SET (labelled S), 
and RESET (labelled R). For the NAND Gate SR Flip-Flop, there should be a feedback from 
each output to one of the other NAND gate input. Therefore, except S and R, there are two 
corresponding outputs (Q) and its inverse (Q bar) as shown in Fig.3.14. The truth table for 
the SR flip flop is shown in the Fig.3.15. In the project design, both the protection and the 
current regulator parts have SR flip-flop logic circuits. 
 
Figure 3.14 Basic SR Flip-Flop (Storr, 2013) 
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Figure 3.15 Truth Table for SR flip flop 
 
4. Calibrations 
In the project, some parameters cannot be measured directly, such as temperature and the 
output current of the current transducer, which is Istack. They have to be converted into the 
other parameters to test the performance. Therefore, it is necessary to calibrate the 
temperature sensors and the current transducer. In Figure3.3. The two temperature signals 
come from the Arduino, which are heat temperature and ambient temperature. Meanwhile 
the Hys_hi and Hys_lo are related to Istack, which is the output of the current transducer. 
Therefore, the calibration equation should be generated before the performance testing. 
4.1 Calibration of the comparators’ inputs in current regulator 
As figure 3.13 current regulator shows, there are three testing points, which are TP9.TP10 
and TP16, TP9 and TP10 are the inputs of the two comparators. In order to reflect the 
voltage and current in the VB control panel, the calibration of TP9, TP10 and TP16 should be 
completed. To generate the calibration equations of these parameters, the intern set up an 
Arduino program with duty cycles of 100%, and the output were PWM signals, and observed 
the signals passed through the comparators, which were the signals after the filters. Using 
the multimeters to read the voltage of TP9 and TP10 in changing with the Hys_hi and Hys_lo 
values from 1 to 250, and the interval was 10. After obtaining two column of testing data in 
the excel spread sheet, plotted and generated the calibration equations for both TP9 and 
TP10. The results are shown in the Fig.4.1 (a) and (b).   
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                                                 (a) 
                        
 
                                                  (b) 
Figure 4.1 Calibrations of TP9 and TP10: (a) TP9; (b) TP10 
 
From the Figure 4.1, for TP9 the trend line fitted the testing points well, and the gain is -
0.0185, the offset is 4.8314. For the TP10, the testing data fluctuate a little, some points 
deviate from the trend line, the gain is -0.0187, and the offset is 4.9209. The next step was 
to input these gains and offsets values in the VB code to prepare for the performance testing. 
4.2 Calibration of the Current transducer 
Current transducer is a device for the electronic measurement of currents with galvanic 
isolation between the primary circuit and the secondary circuit. In order to make the current 
read from the multimeter almost the same as the current read in the VB control panel, it 
was necessary to do the calibration of the current transducer.  In this project, the output of 
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the current transducer is voltage, but what is required in the project is the current, which is 
Istack. Therefore, it is necessary to generate an equation to show the relationship between 
output voltage and Istack. Current transducer HXS 20-NP was used in the project, and it was 
soldered in the circuit as per recommended connections under the nominal current 5A, 
which is pin 1 connected to the input and pin 8 connected to the output. To do the 
calibration of the current transducer, the intern changed the set current from 0A to 5A, in 
steps of 0.5A in the VB control panel, and read the current from the multimeter as well as 
recorded the holding register values (HR) from the VB program; then plotted current read 
from the multimeter with the holding register values (HR) from the VB program, and 
generated an equation to complete the calibration. The measured data is shown in Table 1.2 
and the graph is shown in Fig.4.2. 
Using the power supply to change the input current and using the multimeters to record the 
output voltage of the Istack, as Table 1.3 shows, the output voltage was obtained by 
changing the input current from 0A to 5A in steps of 0.5A. After collecting some data 
between current and voltage, the intern generated an equation of the current transducer to 
converter between voltage and current as Fig.4.3 shows. 
Table 1.2 data recording for calibration of the current transducer 
Current (A) HR Current (A) HR 
5 660 -0.5 524 
4.5 648 -1 511 
4 636 -1.5 499 
3.5 624 -2 485 
3 610 -2.5 473 
2.5 600 -3 460 
2 586 -3.5 447 
1.5 573 -4 436 
1 560 -4.5 422 
0.5 548 -5 409 
0 537   
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Figure 4.2 Calibration of the current transducer 
 
Table 1.3 Data recording for the current transducer 
Current (A) Voltage (V) 
0 2.495 
0.5 2.533 
1 2.614 
1.5 2.679 
2 2.74 
2.5 2.802 
3 2.863 
3.5 2.922 
4 2.983 
4.5 3.049 
5 3.108 
  
 
Figure 4.3 Relationship between voltage and current output for the current transducer 
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As Fig.4.2 shows, the data points can be plotted in a straight line, and the equation 
generated a gain of 25.106, and an offset of 535.62. After the mathematical calculations, 
these values were exported into the Arduino code. Meanwhile, as to Fig.4.3 shows, when 
the input current is 0A, the output voltage is around 2.5V, according to the current 
transducer data sheet, when the input current is 0A, the output voltage should be 
(2.5±0.025)V, so in this calibration process, the current transducer performed well. From the 
equation generated, the gain is 0.123 and the offset is 2.4932. Export gain and offset values 
into the VB code to prepare for the performance testing. 
 
4.3 Calibration of the Temperature sensors 
In this project, two thermistors were used to measure the heat temperature and ambient 
temperature. Thermistors are temperature sensitive resistors, they are inexpensive and easy 
to use and adaptable. The resistance of thermistors varies more significantly with 
temperature than the standard resistors. Thermistors are differ from the RTD (resistance 
temperature detectors) in terms of the material used, a thermistor generally use a ceramic 
or polymer, while a RTD uses pure metals. Also, the temperature response is different. RTDs 
can be used for large temperature ranges, while the thermistors can be used in limited 
temperature range, which is typically -90 degrees Celcius to 130 degrees Celcius, but they 
can achieve a higher precision (NTC thermistors, 2010).  
In order to calibrate the temperature sensor, the basic operation and the equation should 
be familiar with. There is a linear relationship between resistance and temperature for 
thermistors: 
       
Where ΔR is the change in resistance, ΔT is the change in temperature, and k is the first-
order temperature coefficient of resistance. Thermistors can be classified into two types 
depending on the sign of k; if k is greater than zero, the resistance increases with increasing 
temperature, which is called a positive temperature coefficient thermistor (PTC), while if k is 
smaller than zero, the resistance decreases with increasing temperature, which is called a 
negative temperature coefficient (NTC) thermistor. For the thermistor, it can be calibrated 
by using the β parameter equation, which is  
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Where    is the instantaneous resistance of the thermistor; and    is the resistance of the 
thermistor at room temperature of   ; and   is the Steinhart-Hart coefficients. 
In this project, the measurement circuit for the temperature sensor is shown in Fig 4.4. The 
temperature sensor was a negative temperature coefficient (NTC) thermistor. The Electronic 
data book gave β of 3970, and under the standard temperature of 25 ⁰C, which is 298.15K, 
and 
  
  
 is 10000. According to the measurement circuit for the temperature, Vcc is 5V; Rp is 
4.7k. Using the voltage divide rule, then: 
       
  
     
 
                
   
    
      
 
The temperature was reflected by the   , which is the resistance, and the resistance was 
affected by the Vm, which is the voltage across the thermistor. These relationships were 
copied into the Arduino program. 
 
Figure 4.4 Circuit for temperature sensor 
 
4.4 Calibration of bus voltage and stack voltage 
For the purpose of reading the voltage directly into the VB control panel, it was necessary to 
do the calibration for the Vbus and Vstack, and generate equations between voltage supplies 
from the power supply and the holding registers of Vbus and Vstack respectively. To generate 
the equations, the intern changed the supply voltage from 0V to 30V in steps of 5V, and at 
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the same time recorded the values of holding registers from the VB program; then plotted 
the input voltage with the holding register values. The graph is shown in Fig 4.5. For the Vbus, 
the gain is 7.8857, and the offset is 9.1429. For the Vstack, the gain is 11.668 and the offset is 
12.625. These values were exported into the Arduino code and VB code. 
 
Figure 4.5 Calibration of Vbus and Vstack 
 
5. Performance testing preparation 
After all the circuit boards were built by interns, everything was ready for the performance 
testing. On the bus side, there are four batteries in series and each one is 12V, and therefore 
the voltage of the bus side (Vbus) was 48V. The performance testing block diagram is shown 
in Figure 3.1. On the bus side there is a diode bridge, one side of it is connected with a 
power supply, which has two digital voltage and current outputs, and each voltage can 
supply up to 32V AC. The other side of the diode bridge is connected to the DC-DC converter. 
On the stack side there is an over voltage protection and a constant current load connected 
in the circuit, through the other diode bridge, there are two DC power supplies in parallel, 
each one has a maximum current of 5A, and therefore, the maximum current can flow 
through the circuit is 10A.  
5.1 Diode Bridge  
Diode bridge rectifier makes use of four individual diodes in a bridge arrangement to achieve 
full-wave rectification. This is a widely used configuration, and the most common application 
is to convert AC input to DC output. The diode bridge circuit in the project is shown in Fig.5.1. 
The device mounted on the heat sink is the diode bridge. Because a diode has a unique 
characteristic of single direction conducting, the purpose of connecting the diode bridge in 
y = 7.8857x + 9.1429 
y = 11.668x + 12.625 
0
50
100
150
200
250
300
350
400
0 10 20 30 40
Vbus
Vstack
Linear (Vbus)
Linear (Vstack)
 DC-DC Converter Performance on Zinc Polybromide Battery 
 
   30 
 
the circuit is to prevent the current flowing back to the DC power supplies, and therefore, 
the power supplies can supply current instead of receiving current, and they can be 
protected.  
  
Figure 5.1 Circuit of Diode Bridge in the project 
 
5.2 Over voltage protection 
In the performance testing block diagram there is an over voltage protection box. The aim is 
to protect the circuit when the voltage is too high. When the voltage is over 60V, the relay 
will switch off to protect the circuit. The circuit of the overvoltage protection is shown in 
Fig.5.2. The relay is in parallel with the push button. One side of the relay is connected to the 
DC-DC converter, and the other side of the relay is connected to the power supply. There is 
an SCR and a relay in the circuit. If the SCR gate is left floating; it behaves exactly as a diode. 
In this circuit, the total voltage across the zener diode is 60V. When the voltage is less than 
60V, the two zener diodes do not conduct, the current cannot flow through them, so, there 
is no voltage across the 1K resistor, and the SCR does not conduct either. When the voltage 
is over 60V, it conducts and there is a voltage across the 1K resistor, as well as there is a gate 
voltage, and therefore, the SCR is conducting which is called triggering. Before the SCR 
triggers, the current flows through the relay. However, after the SCR triggers, the current 
flows through the SCR to the ground directly, at the same time the relay is de-energized to 
protect the circuit. 
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Figure 5.2 Over-voltage protection (Energy, 2013) 
 
5.2.1 SCR  
SCR is a silicon controlled rectifier. It is a unidirectional device, which means it can conduct 
current only in one direction. SCR has three terminals, which are anode, gate and cathode, 
and it can be triggered only by current going into the gate. SCR restricts current to the 
leakage current when it is in the normal off state, and it turns on and conduct current only 
when the gate-to-cathode voltage exceeds a certain threshold. As long as the current 
through the SCR remains over the holding current, it will remain in the conduction state 
even after the gate current is removed. Once the current through SCR drops below the 
latching current, it will go to the off state. 
5.2.2 Relay 
Relay is a type of electrically operated switch, and most of the relays use an electromagnet 
to operate a switch. Relays are used to protect electrical circuits from overload or faults, and 
they can detect and isolate faults on transmission and distribution lines by opening and 
closing circuit breakers. Fig.5.3 shows phtos of relays. 
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Figure 5.3 Photos of relays (Latching Circuit, 2104) 
 
5.3 Constant Current Load 
The aim to use a constant current load instead of using resistive loads in the project is to 
keep the current as constant. The advantage is that even when the supply voltage varies, the 
current can be set to provide the desired current. The circuit of the constant current load is 
shown in Fig 5.4. In the circuit, there are some capacitors diode and some resistive loads. 
Also, there is an Op amp, IRF7812 and IRF7912, a 1K trimpot and an IGBT. IRF7812 and 
IRF7912 are voltage regulators from the International Rectifier Company, they have the 
ability to maintain voltage at a constant level regardless the changes to the input voltage or 
load conditions (Analog Device, 2005), and they should be connected to a 24V power supply. 
The AC voltage flows through the diode and capacitors, which consists of a filter. It can filter 
out some AC voltage and make the voltage passed more smooth, which is almost DC voltage. 
After the IRF7812 and IRF7912, the voltage keeps constant at +12V and -12V, which is the 
supply voltage for the op amp. The purpose of connecting the op amp to the IGBT is to 
maintain the voltage across R at the same level as that set at non-inverting input of the op 
amp. The voltage across the trimpot was fixed by changing the resistance of the trimpot, if 
the voltage across the R is also fixed, which is almost the same as the voltage across the 
trimpot, the current can be maintained at a constant value. Otherwise, if the current flows 
through R increase, so is the voltage across R, the inverting input voltage will be larger than 
the noninverting input voltage, which will result in the IGBT not conducting, the circuit is not 
working as expected anymore. Therefore, the main purpose of this constant current load is 
to maintain the voltage across the trimpot at the same level as the voltage across R. Also, 
the IGBT needs to be mounted on a large heat sink because of the large power dissipation. 
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there is a fan mounted on the heat sink to absorb the heat. The photo of the constant 
current load built in the project is shown in Fig.5.4 (b).  
 
                                                                    (a) 
 
                                                                         (b) 
Figure 5.4 Constant current load: (a) circuit of the constant current load; (b) photo of the 
constant current load in the project (Energy, 2013) 
 
5.3.1 Op amps 
Op amps are operational amplifiers, which are linear devices that have all the properties 
required for nearly ideal DC amplification. The op amps often have three terminals, which 
are the two inputs and a single-end output. Because they are a type of amplifier, they can 
produce output potential which is hundreds of thousands of times larger than the potential 
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difference between their input terminals. As figure 5.4 shows, the two input voltage 
terminals are indicated by + and -, + is non-inverting input and - is inverting input, there is an 
output terminal at the right side of the op amp. There are also two terminals of power 
supplies, which are +12V and -12V in figure 5.4; they are positive power supply and negative 
power supply. 
5.3.2 IGBT 
IGBT is an insulated gate bipolar transistor which is a three terminal power device and is 
used as an electronic switch. IGBT combines the best qualities of both MOSFETs and BJTs. In 
the switch on state, BJTs have lower conduction losses, but they have longer switching times, 
while MOSFETs have faster switching times, but the on-stating conduction losses are larger. 
Therefore, IGBT combines the good characteristics of these two types of devices, which are 
switch faster and have a low on-stating conduction losses. Also, IGBTs have the advantage of 
both high current handling capability and ease of control. Fig. 5.5 shows the real IGBT and 
the electronic symbol of an IGBT. 
             
Figure 5.5 SEMITRANS®  IGBT  module (SKM 300GB063D) in project and electronic symbol 
(SKM 300GB063D, 2008) 
 
6. Performance testing process 
After the performance testing circuit assembly, the intern should complete some 
performance testing. For example, efficiency, current regulation, stability of control system 
and response time. 
6.1 Efficiency 
To measure the efficiency, the intern connected two multimeters in series in the bus side 
and in the stack side to measure the bus side current and stack side current which are Ibus 
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and Istack. Also, another two multimeters were connected in parallel with the Vbus+ and Vbus-, 
Vstack+ and Vstack- to measure the voltage across them. Everything was ready, then powered 
up, but the multimeter which recorded the Ibus broke down, the reason maybe the inrush 
current was over the maximum current of the fuse in the multimeter, so the fuse blowout. 
Therefore, the intern changed a new multimeter and repowered up, unfortunately, the 
multimeter broke down again because of the inrush current. So, instead of connecting the 
multimeter in series with the circuit in bus side, a current shunt resistor was connected in 
series in the circuit and also a multimeter in parallel with the current shunt resistor to 
measure the shunt voltage across it. Current shunt resistors are a type of low resistance 
precision resistors used to measure the current by the voltage drop across the resistance, 
they are a type of current sensor. In this project, the voltage can be read from the 
multimeter, and the resistance can be known from the bottom of the current shunt resistor, 
and the Ibus can be obtained by using the shunt voltage divided by the resistance. Efficiency 
is equal to output power divided by input power, in charging mode, the output side is the 
stack side, and the input side is the bus side. However, under discharging mode, the output 
side is the bus side, and the input side is the stack side. The measurement was taken by 
changing the stack voltages from the power supply, which were 10V, 20V and 30V. Also the 
stack currents were changed in the VB from 2A to 10A, and the interval was 2A for 
dischargong, and the Istack changed from 1A to 5A, which the interval was 1A for charging , 
then recored the Vbus, Vshunt, Istack and Vstack from the multimeters, and calculated Ibus to 
work out the efficiency. Because there were five inductors in the half bridge circuit, the 
measurement was taken under two situations, one was without additional inductors in 
circuit, the other was with three of the five additional inductors connected in the circuit, and 
the intern measured both situations in charging and discharging mode. 
The Table 1.4 shows the measuremet data without additional inductor, (a) is in discharging 
mode, and (b) is in charging mode.  
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    Table 1.4 Measurement data of efficiency without additional inductor (a) discharging 
                                                                     
Table 1.4 Measurement data of efficiency without additional inductor (b) charging 
 
                                                                           
According to these data in charging mode and in discharging mode, the intern plotted 
graphs of efficiency with Istack. Fig.6.1 (a) shows the plot for discharging, and Fig6.1 (b) shows 
the plot for charging. 
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                                                               (a) 
 
                                                                 (b) 
Figure 6.1 Plots of efficiency without additional inductor: (a) discharging; (b) charging 
 
From the measurement data and efficiency plots, during the discharging mode, when the 
stack voltage is 10V, the efficiency is increasing with the Istack increasing. Also, when Istack is 
fixed, the efficiency increases with the Vstack increased, and when the Vstack is 30V, Istack is 
10A under the measurement, the efficiency arrives the maximum value which is around 
89.75%. When under the charging mode, the efficiency also increasing with the Istack 
increasing, and when the Istack fixes, the efficiency also increased with the Vstack increasing, 
the maximum efficiency is when the Vstack is 30V and the Istack is 5A, whose efficiency is 
around 92.57%. In addition to the efficiecy, the intern also measured the switching 
frequency in both discharging and charging direction, and the unit is in kHz. Switching 
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frequency is a type of switching regulator specification, a switching regulator converts the 
input voltage to a desired value by changing the on and off time, and the switching 
frequency is the frequency of the signal for control these on and off operations. The higher 
the switching frequency, the more frequently the switching regulator is tuned on or off, 
otherwise, the switching frquency is lower, and the less frequency the switching regulator is 
turned on or off. The Fig. 6.2 shows the plots of the switching frequently in both discharging 
and charging directions. 
 
                                                                     (a) 
 
                                                                 (b) 
Figure 6.2 Plots of switching frequecy: (a) discharging; (b) charging 
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Form Fig. 6.2 (a), which is in discharging direction, the switching frequency increasing with 
the Istack increasing when the Vbus is fixed, and under the same Istack value, with the Vbus 
increased, the switching frequency increased also, therefore, the maximum switching 
frequency is when the Istack is maximum as well as the Vbus, which is 2.768 kHz in this case. 
According to the plot of charging direction, in general, the switching frequency increasing 
with the Istack and Vbus increasing, but from the graph, when the Vbus is 30V, the switching 
frequency changed slightly, so the plot looks like a flat straight line. In this project, the 
switching frequency was expected to be higher, on the positive side, because the high 
switching frequency can reduce the size of the inductor, as well as the cost. However, the 
higher switching frequency will result the lower efficiency, therefore, it should be a balance 
between the switching frequency and the size of the inductor as well as the cost. 
While, the result of the measurement data during charging and discharging with additional 
inductors is shown in Table 1.5. (a) is under discharging, and (b) is under charging. 
Table 1.5 Measurement data of efficiency with additional inductor (a) discharging 
 
Table 1.5 Measurement data of efficiency with additional inductor (b) charging 
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The process of efficiency measurement with additional inductors was the same as that 
without additional inductor. From the Table 1.5 (a), the values with red highlight were out of 
range, because during the discharging stage, the Vshunt should be negative, and the efficiency 
of the Vbus 10V, 20V and 30V under the Istack was 2A in discharging direction could not be 
possible. But for charging, the efficiency changed the same trend as that without additional 
inductor, which was when the Vstack increased, the efficiency increased also, and when Vstack 
fixed, the efficiency increasing with the Istack increasing, the maximum efficiency is when the 
Vstack is 30V and Istack is 5A, which is around 93.91%. These results mean that there should be 
something not correct in the Arduino control program for discharging stage. In addition to 
the efficiency in discharging stage looked not correct, the Istack was far away from the 
Istack_con, which was the set current in VB, after analysing the data, the most possible reason 
was that the equations used to convert from set current to Hys_hi and Hys_lo for 
discharging direction were determine in the charging direction. During the measurement 
processing, the same equation was used in both charging and discharging direction, 
therefore, the current Istack was far away from the set current. The intern should work out a 
new equation for discharging direction by using the relationship between Hys_lo and TP10, 
as well as the Istack, after the new equation generated, the intern input the new gain and 
offset in the Arduino code, and repeated the measurement for Vstack was 10V. The 
measurement data shows in Table 1.6. And the plots of the efficiency under Vstack is 10V is 
shown in Fig 6.3. 
Table 1.6 Measurement data of discharging and charging with new gain and offset in 
Arduino (a) discharging 
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 Table 1.6 Measurement data of discharging and charging with new gain and offset in 
Arduino (b) charging 
 
                         
 
           
                                                                      (a) 
 
                                                                      (b) 
Figure 6.3 Efficiency of new gain and offset in Arduino under Vstack is 10V: (a) discharging; (b) 
charging                
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Comparing Table 1.6 and Fig 6.3 with Table 1.5, in discharging direction, the current read 
from the multimeter in stack side is close to the set current in VB control panel, which 
means Istack is close to Istack_con. It is obvious that the efficiency appears in a reasonable 
range. Also, with the Istack increasing the efficiency increasing and when the Istack arriving 10A, 
the efficiency is the maximum, which is around 80.31% according to Fig.6.3. As well as in 
terms of the charging direction, the Istack is much closer to Istack_con than the previous one. 
The efficiency of the Istack from 1A to 4A is lower, but the maximum efficiency is slightly 
higher than that in the former one, which is around 94%, though the efficiency increased by 
around 14%, it still a little lower than the expectation, the reason may be the heat losess 
from the inductors. In this project, the inductors used were 4700µH, and the resistance is 
0.11Ω. During the measurement process, the inductors were getting warm, that means 
there were core losses and the ohmic losses from the inductors in this system. 
6.2 Current Regulation 
The aim for current regulation is to make the currents read in VB and from multimeter 
almost the same as the set current. To do the performance testing for current regulation, 
the intern changed the set current values from 1A to 5A in charging direction, and from 2A 
to 10A in discharging direction, and then recorded the current from VB control panel and 
multimeter as well as the holding registers from the VB. Finally, plotted the graph and 
generated the equation. The measurement data is shown in Table 1.7, and Fig.6.4 shows the 
plot of the Istack read from the multimeter with the holding registers. Istack is measured by the 
analogue input and is scaled and saved into a hoding register. 
Table 1.7 Measurement data for current regulation 
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Figure 6.4 Plot of current regulation 
 
From the Table 1.7, the intern measured Istack using the multimeter, and recorded the 
current values and holding registers in the VB control panel. Then the intern plotted the 
graph of Istack reading from the multimeter with the holding registers, which as Fig. 6.4 
shows, and generated an equation. Then calculated the theoretical Istack should be on the 
multimeter by using the equation generated, and then calculated the error between the 
theoretical value and the actual value. The measurement data shown in Table 1.7 indicated 
that the currents read from VB control panel were the same as the set current, but the 
currents read from the multimeter were a little different, this means the code in Arduino 
and in VB is correct, the reason for the measured current difference might be the current 
transducer, however, the error is small, and it does not have influence on the performance 
of the DC-DC converter. 
6.3 Response time  
In most control systems, one of the evaluations of the performance of the system is based 
on the time response. For instance, if the purpose of the control system is to have the 
output variable track the input signal, and starting at some initial time and initial condition, 
so it is necessary to compare the input and output responses as functions of time. Usually, 
the time response of a control system is divided into two parts, which are the transient 
response and the steady-state response. One of the transient response is called step 
response. To analyse step response time, there are some characterization of the control 
systems, which are illustrated in Fig.6.5. First is the maximum overshoot, which is the 
difference between the maximum of the response and the steady-state value of the 
response. In general, the maximum overshoot is often used to measure the stability of the 
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control system. A system with a large overshoot is not to be desired. Second is the delay 
time, which is defined as the time the step response takes to reach 50% of its final value. 
Third is the rise time, which is defined as the time required for the step response to rise 
from 10% to 90% of the final value. Fourth is the settling time, which is defined as the time 
required for the step response to decrease and stay within a 5% of its final value. The last 
one is steady-state error, which is the discrepancy between the output and the reference 
input when the steady-state reached. 
 
Figure 6.5 Step response of a control system illustrating the time–domain specification 
 
To measure the response time, the intern added the PID control parameters in the Arduino 
code. For the first measurement of response time, the Kp was 1.5, Ki was 0.01 and Kd was 
0.001 in the Arduino code, and recorded the data by using the Data Logger, the intern set 
the sample interval of 100ms and the set point was 2A in the VB control panel. After several 
seconds, stopped the Data Logger and save the data into excel, because the data recorded in 
the Data Logger was voltage, the intern should use the calibration equation to convert the 
voltage into stack current and plotted the graph, which is shown in Fig.6.6.  
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Figure 6.6 Plot of response time when the set point is 2A with Kp =1.5, Ki=0.01 and Kd=0.001 
From the response time graph in Fig.6.6, there is a large overshoot, which arrives around 
3.5A at 1 second, after that it decreases and back to around 1.794A, so, when the system 
become stable the current is 1.794A, however, the set point in this case was 2A, so there is a 
steady-state error of around 0.206A. And the plot also shows that the settling time is around 
1.8 second and the rise time is around 0.1 second. In terms of the response time, overshoot 
is not desired and the response time is hoped to be less than 1s. Therefore the intern tried 
to decrease Kp to 0.1, and keeping  Ki still at 0.001, Kd still at 0.001, the sets point in VB 
control panel was 1A, and the sample interval was 100ms, and then recorded the data again 
by using Data Logger and saved into excel, then plotted the graph with time and current, the 
plot is shown in Fig.6.7.  
 
Figure 6.7 Plot of response time when the set point is 1A with Kp =0.1, Ki=0.01 and Kd=0.001 
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From the graph, the overshoot almost disappear, and the rise time is around 0.2 second, 
however, the final value when the system reached stable-state is around 3A,which is too far 
away from the set point 1A, therefore, the steady-state error is around 2A. To make the 
confirmation of the problem, the intern did several measurements of different current 
values from 2A to 4A with the same PID parameters in the Arduino code, which is Kp was 0.1, 
Ki was 0.01 and Kd was 0.001. the plots are shown in Fig 6.8. 
 
                                                             (a) 
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                                                       (c) 
Figure 6.8 Plots of response time for different set points with Kp =0.1, Ki=0.01 and Kd=0.001: 
(a) 2A; (b) 3A; (c) 4A. 
 
From fig.6.8 (a), (b), when the set points are 2A, 3A, there are small overshoots for both 
system responses, and the final values are around 3A no matter what the set points are. 
However, for the set point of 4A, the system become unstable. Form these observations, the 
reason may be the Data Logger or the current transducer, because the current measured is 
the output from the current transducer after filter. To figure out this problem, the intern 
connected the multimeter in the circuit to measure the Istack filter voltage, and compared 
with the data from the Data Logger. The result shows that the voltages read from the 
multimeter are almost the same as the voltage recorded from the Data Logger. This means 
the problem is the current transducer. After resoldering a new current transducer, and 
calibrated the current transducer again to obtained the new gain and offset, then input 
them into Arduino code, and repeated the measurement, at last, the final values were close 
to the set points. The calibration of the new current transducer and the plots of time 
response testing (changing the set current from 1A to 5A) are shown in the Appendix.  
6.4 Stability 
Stability is a very important performance for a system. To analyse the stability of the system, 
the intern expected to use the FFT to test the performance. FFT (Fast Fourier Transform) is a 
high efficiency algorithm to calculate the Discrete Fourier Transform. In this stability testing, 
the intern recorded data by using the Data Logger with the sample interval 1ms, and the set 
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point was 3A in the VB control panel, and saved it in the excel, then converted the voltage 
into current and calculated the steady-state error, which was used as Data in FFT, the 
plotted result of the FFT for 3A is shown in Fig.6.9.   
 
Figure 6.9 FFT plot of 3A with the sample interval 1ms. 
 
From Fig.6.9, at the beginning there are some fluctuations, and under the frequency around 
36Hz, there is a spike reached 0.05A, followed by the 0.01A, which is happened under 
around 75Hz, the last small spike under the frequency is around 110Hz. Even though, there 
are three small spikes in this case, in general, the system is stable. In order to reduce the 
spikes, the intern recorded the data again by using the Data Logger with the sample interval 
40µs, and the set point still was 3A in VB control panel, and also used the oscilloscope to 
record the waveform. The FFT result plot is shown in Fig.6.10 (a), and the waveform 
recorded 
using 
oscillosco
pe is 
shown in 
Figure. 
6.10 (b). 
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                                                                  (a) 
 
                                                                      (b) 
Figure 6.10 FFT plot and waveform of 3A with the sample interval 40µs: (a) FFT plot; (b) 
oscilloscope waveform 
 
From Fig.6.10 (a), the FFT result shows that there is just a small oscillation under the 
frequency around 17HZ, except that the FFT result shows the system is stable.The reason for 
the spikes may be the sample interval. Fig. 6.9 show the plot when the sample interval is 
1ms, and Fig. 6.10 (a) shows the sample interval of 40µs. This means sample interval fast can 
reduce the spikes and can improve the stability also.  In Fig.6.10 (b), the steady state value is 
small. That is because the oscilloscope’s probe was set to 10X. There is a small overshoot, 
which is around 0.8A, because the time interval in the oscilloscope is 50ms, it takes around 
350ms for the system to reach steady-state, the final value is almost 3A.  
6.5 Response time and Stability 
The performance testing of the response time and stability divided into two parts, one was 
under the open-loop control system, and the other one was under the closed-loop control 
system.  
The open-loop control system means that there is no feedback to determine whether the 
output of the system has achieved the desired level of the input, which means the system 
cannot follow the control process of the output, so the system cannot correct errors; 
therefore, the open-loop control system is economic but lacks accuracy in practice. 
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Comparing with the open-loop control system, more accurate and more adaptive are the 
advantages of the closed-loop control system, because it has one or more feedback paths 
from the output to the input of the system. To obtain more accurate control, the output 
signal should be fed back and compared with the reference input, and the actuating signal 
proportional to the difference of the input and the output must be sent through the system 
to correct the error. This means the closed-loop control system is accurate but it is 
expensive. 
The intern did the open-loop response time and stability testing firstly by changing the set 
points in VB control panel from 2A to 4A, and recorded the data in Data Logger with the 
sample interval 40 µs still, then plotted the graph with the current and time, and calculated 
the step response time. The plots of different set points are shown in Fig. 6.11. 
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                                                                       (c) 
Figure 6.11 open-loop plots of different set points with the sample intervals are 40 µs: (a) set 
point is 2A; (b) set point 3A; (c) set point is 4A 
 
In the Fig.6.11, the system performs well after changing the sample interval into 40 µs, that 
because the each loop in the Arduino code runs every 2.5ms, the frequency is 400Hz, as the 
former measurements set in the Data Logger, the sample interval was 100ms, the frequency  
was just 10HZ, that means the data recorded not fast enough, so the plots did not look good. 
For the set points of 2A, there is an overshoot around 0.76A, the rise time is 0.01s, and the 
settling time is 0.15s, when the system reaches stable state, the final value is around 2.6A, 
so the steady-state error is 0.6A. When the set point is 3A, there is also an overshoot around 
0.76A, the rise time is around 0.01s and the settling time is 0.15s, when the system is stable, 
the final value is around 3.6A, the steady-state error is 0.6A also. The last one is when the 
set point is 4A, there is no overshoot, but the rise time is a little longer than the former ones, 
which is 0.04s, and the settling time is 0.14s, the steady-state value is around 4.6A, the 
steady-state error is still 0.6A. In general, the system can reach steady state finally, but the 
final values are a little far away from the set points. The reason is that the measurements 
are under the open-loop control system, it lacks of accuracy, because there is no feedback 
from the output. 
The expectation of the control system is to be stable and the output ultimately to attain the 
desired set point value, so the testing is carried out by using the closed-loop control, which 
includes the PI control parameters in the Arduino code. The measurements were repeated 
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with the set point of 3A in VB control panel, and the sample intervals in the Data Logger was 
still 40 µs. The plots are shown in the Fig.6.12. 
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                                                                 (c) 
 
                                                                (d) 
Figure 6.12 Closed-loop with different PID plots with the sample intervals are 40 µs and set 
point is 3A : (a) Kp=2; (b) Kp=1, Ki=0.03; (c) Kp=1, Ki=0.01; (d) Kp=0.5, Ki=0.01. 
 
Fig. 6.12 (a) is the measurement with Kp=2, with no integral parameters. It shows that even 
with the PI closed-loop control, there is a large overshoot, which is around 2.27A, and when 
the system becomes stable, the final value is 2.23A, which is still far away from the set point 
3A. The rise time is 0.02s, the settling time is 0.3s. In Fig 6.12 (b), which is with proportional 
parameter (Kp=1) and integral parameter (Ki=0.03), the overshoot becomes smaller, which is 
around 1.3A, and the rise time is 0.04s, settling time is 0.5s, but there are some oscillations. 
However, with both proportional and integral parameters, the final value of the system 
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under steady-state is almost 3A, which means the steady-state error is small. Fig.6.12 (c) is 
with the proportional and integral values of 1 and 0.01, there is still an overshoot, which is 
around 0.2A, and also there are some oscillations before it reached steady-state, the rise 
time is 0.04s and the settling time is 0.8s. The final value is 3A. Finally, Fig. 6.12 (d), which is 
with the proportional and integral values of 0.5 and 0.01, there is no overshoot and the rise 
time is 0.22s, the settling time is 0.45s, and the final value is 3A. From the plots with the PI 
controller, the final value when the system reach steady-state, because for the closed loop it 
has feedback to minimize the error between the output and the reference input, it is more 
accurate than the open-loop. To analyse the response time better, the Table 1.8 shows the 
comparison of the response time for different control parameters.  
Table 1.8 different response time under different control parameters 
Rise time (s) Settling time (s) Control parameters 
0.0206 0.3 P=2 
0.04 0.5 P=1, I=0.03 
0.04 0.8 P=1, I=0.01 
0.22 0.45 P=0.5, I=0.01 
 
Table 1.8, with proportional parameters only, which is 2, the rise time is just 0.0206s, but 
there is a large overshoot and offset in the graph. However, when the proportional 
parameter is 1, which is smaller than the former one, and the integral parameters are 0.03 
and 0.01, the response time become larger. When the proportional parameter is the 
smallest among the measurement and the integral parameter is 0.01, the rise time is the 
largest, which is around 0.22s. In general, when the system is only with the proportional 
controller, the response time of the system become faster, which means it can accelerate 
the control system response but there is a large offset and an overshoot. Meanwhile, if the 
system controlled by the proportional and integral parameters, the offset disappears but the 
system response become more oscillatory, also, with the proportional parameters increasing, 
the response time become smaller. 
6.5.1 PID controller 
PID controller means the proportional- integral- derivative controller, which is a control loop 
with feedback. The PID controller can calculate the error value between the output value 
and the reference set point. The purpose of the controller is to minimize the error by 
adjusting the process control inputs. It is obvious that the PID controller calculation 
algorithm has three separate constant parameters, which are the proportional, the integral 
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and the derivative values. By tuning these three parameters in the PID controller algorithm, 
the controller can provide design actions for requirements. The response of the controller 
can be described in terms of the extent to which the controller overshoots the set point, and 
the degree of the system oscillation. Some applications require to use one or two 
parameters. PI controllers are common, because the derivative action is sensitive to the 
measurement noise, but when there is no integral term, when the system reach the steady-
state, the final value may be far away from the set point.  In this project, two parameters are 
set in the system, which are proportional parameter and integral parameter (PI). The block 
diagram of the PID controller is shown in Fig.6.13. y is the output signal of the system, and 
the error is the difference between the output and the set point.  
 
 
Figure 6.13 block diagram of the PID controller 
 
7. Conclusion 
The process of building the prototype DC-DC charge controller and testing the performance 
of the DC-DC converter goes on well. The project brings together a lot of knowledge 
regarding DC-DC converter and control system.  
The testing of the protocol has a large focus on the efficiency, response time and stability. 
For the efficiency testing in the direction of both charging and discharging, the efficiencies 
are always a little lower than the expectation, especially for discharging, that because the 
building process of the prototype DC-DC converter was divided into separate boards, that 
increase the losses between different boards. In the real implemention process, all of the 
components will be built on the one PC board, therefore, the losses will be minimized. Also, 
the inductors used in the protocol building process were not perfect, and during the testing 
process, they became warm, which resulted in the large core losses and resistance loss, but 
in the real implement process, the inductors will use expensive ones to decrease the losses 
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in the system. Usually, there are two pricinple mechanisms for loss in inductors, core losees 
and winding losses. Some common methods can be used in expensive inductors, such as the 
use of Litz wire, greatly reduce the cross-sectional area of the conductor and drastically 
increase dc resistance, therefore, a smaller inductor may be used in the system (Lundquist, 
2008).  In addition to the efficiency, in general, the stability of the system is good, and the 
small response time also reached the requirement. With the PI controller, when the system 
reach the steady-state, the final value is almost the same as the set point, therefore, the 
steady-state error can be minimized.  
In the project, because of the limitation of the equipment and the environment, the bus side 
voltage is around 50V, and the stack side voltage is around 30V. However, in the real 
implementation, the voltage of the bus side will reach from 80V to 100V, and the stack side 
voltage will be around 60V. In general, each battery cell can supply 1.8V, so there are aound 
30 battery cells connect in series in the future implementation.  
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9. Appendix: 
Response time testing plots: 
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                                                                      (e) 
Figure A-1.1 Plots of response time for different set points: (a) 1A; (b) 2A; (c) 3A; (d) 4A; (e) 
5A. 
 
The plots in the Figure A-1.1 show the different set points, these measurements were taken 
because when the system reached steady-state, the final value always be the same, no 
matter what the set points are. To analyse the reason, the intern connected the multimeters 
in the circuit to measure the voltage across the Istack to find out whether the current 
transducer’s problem or the Data Logger’s problem by changing the set points in the VB 
control panel from 1A to 5A, and recorded the voltage values. From Figure A-1.1, the results 
shows that the voltages from the Data Logger are the same as the multimeter, but the final 
values of the current are far away from the set points, therefore, the conclusion is that the 
current transducer does not work anymore. 
After resoldering a new current transducer, the intern completed the calibration of the new 
current transducer. The measurement data is shown in Table 1.9. The intern recorded the 
current read from the multimeter and recorded the analogue input in VB control panel, and 
then plotted the graph to generate the calibration equation of the current transducer. The 
plot is shown in Figure A-1.2. 
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Table 1.9 Measurement data of the calibration for current transducer 
 
 
  
Figure A-1.2 plots of the calibration of the current transducer 
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